Local Buckling Strength and Design of Cold-Formed Steel Beams with Slotted Perforations by Degtyareva, Natalia et al.
Northumbria Research Link
Citation:  Degtyareva,  Natalia,  Perampalam,  Gatheeshgar,  Poologanathan,  Keerthan,
Gunalan,  Shanmuganathan,  Shyha,  Islam  and  Mcintosh,  Alex  (2020)  Local  Buckling
Strength and Design of Cold-Formed Steel Beams with Slotted Perforations. Thin-Walled




This  version  was  downloaded  from  Northumbria  Research  Link:
http://nrl.northumbria.ac.uk/id/eprint/43729/
Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html
This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)





Local Buckling Strength and Design of Cold-Formed Steel Beams 1 
with Slotted Perforations  2 
 3 
Natalia Degtyareva  4 
Institute of Architecture and Construction, South Ural State University, 5 
Chelyabinsk, Russia. 6 
Perampalam Gatheeshgar  7 
Faculty of Engineering and Environment, Northumbria University,  8 
 Newcastle, UK. 9 
Keerthan Poologanathan  10 
Faculty of Engineering and Environment, Northumbria University,  11 
 Newcastle, UK. 12 
Shanmuganathan Gunalan  13 
School of Engineering and Built Environment, Griffith University,  14 
 Gold Coast, QLD, 4222, Australia. 15 
Islam Shyha 16 
Faculty of Engineering and Environment, Northumbria University 17 
Newcastle, UK. 18 
Alex McIntosh 19 
Faculty of Engineering and Environment, Northumbria University 20 
 Newcastle, UK. 21 
Abstract 22 
Providing staggered slotted perforations to the Cold-Formed Steel (CFS) beams is a new 23 
approach being used in light gauge steel construction aiming to enhance both the fire and 24 
energy performances. However, slots in the web reduce the load-bearing capacity of CFS 25 
beams and existing studies do not provide a definite evaluation of the design expressions to 26 
determine the structural performance of slotted perforated CFS flexural members. Therefore, 27 
the present study aims to establish a methodology to determine the flexural capacity of 28 
staggered slotted perforated CFS beams subject to local buckling through developing three-29 
dimensional Finite Element (FE) models. The developed FE models were subjected to 30 
validation against the related test data. Subsequently, the validated FE model was employed to 31 
conduct further parametric studies (432 FE models). Parameters include the dimensions of the 32 
CFS beams and staggered slotted perforations, rows and row groups of slots and yield strength. 33 
The effect of these factors on the local buckling capacity of the staggered slotted perforated 34 
CFS beams under bending is discussed. The paper concludes with a proposal of Direct Strength 35 





with staggered slotted perforations subject to local buckling and to enhance their commercial 37 
aspects. 38 
Keywords: Cold-formed Steel; Staggered Slotted Perforations; Flexural Capacity; Local 39 
Buckling; Finite Element Analyses; Direct Strength Method; New Design Equations. 40 
1 Introduction 41 
Cold-Formed Steel (CFS) structural elements have been extremely widespread in building 42 
applications for many decades now. However, the advancements achieved in manufacturing 43 
technologies and demand for a more efficient system keep revising the CFS members in terms 44 
of shape and configurations.  One such modification is introducing staggered slotted 45 
perforations to the CFS webs aiming to enhance the thermal effectiveness. Fig. 1 depicts the 46 
real world application of the slotted perforated CFS beams in construction, while Fig. 2 shows 47 
how the thermal transmittance becomes effective when compared to the solid web CFS 48 
sections. Many research studies have highlighted the advantages of slotted perforated webs, 49 
these include reduced thermal bridging effect, cost-effectiveness and, improved energy 50 
performance [1-4]. However, attention needs to be given to staggered slotted perforated CFS 51 
channels, as the reduction of the web area affects the load-carrying capacity.  52 
Kesti [5] conducted an experimental and theoretical study to investigate the local and 53 
distortional buckling of CFS wall studs and based on the results, developed design guidelines 54 
for compressed web perforated steel wall studs. Similar to the wall studs, staggered slotted 55 
perforation can be provided to CFS beams for improving the thermal performance of the floor 56 
panels. In this case, the degree of effect on the structural performance needs to be examined 57 
carefully under particular loading scenarios such as bending, shear, web crippling actions and 58 
combined actions. The presence of the staggered slotted perforations resulted in up to 70% 59 
shear capacity reduction compared to the solid CFS beams [6, 7]. In addition, combined 60 
bending and shear behaviour of CFS beams with staggered slotted perforations has also been 61 
investigated by Degtyareva et al. [8] and new design proposals were also reported in that study. 62 
Despite extensive research studies have been conducted to investigate the flexural behaviour 63 
of the CFS beams subject to distortional and local buckling, to date, no research has focused 64 
on assessing the reduction in bending capacity due to the presence of the staggered slotted 65 





Yu and Schafer [9, 10] and Pham and Hancock [11] performed distortional and local buckling 67 
test on cold-formed Z-and C-section beams and investigated the reliability of the Direct 68 
Strength Method (DSM) design. Additionally, Siahaan et al. [12-14] studied the local buckling 69 
strength and behaviour of the innovative rivet fastened rectangular hollow flange beams 70 
through an experimental and numerical approach. A reduction factor based design equation 71 
was proposed to determine the ultimate bending capacity subject to local buckling. In 72 
comparison to the aforementioned studies on solid web CFS beams, flexural behaviour of CFS 73 
beams with rectangular web openings subject to distortional [15, 16] and local buckling [16] 74 
have been investigated both experimentally and numerically. Modified DSM based design 75 
equations have been proposed to account the influence of unstiffened rectangular web opening 76 
on the bending capacity. Recent research studies have focused on deriving an analytical 77 
solution to determine the distortional buckling stress of CFS steel beams with web openings 78 
[17, 18].   Degtyareva [19] presented a review of the experimental study to determine the 79 
bending capacity of the CFS channels with the slotted webs. To date, no research has been 80 
reported on the bending strength and behaviour of staggered slotted perforated CFS beams 81 
subject to local buckling. 82 
Therefore, the aim of this study described herein is to explore the ultimate bending capacity of 83 
the CFS beams with staggered slotted perforations subject to local buckling. Finite Element 84 
(FE) models were developed and validated against the relevant test results. Validated FE 85 
models were used in a parametric analysis varying the influencing parameters. Furthermore, 86 
the current DSM equations for local buckling were extended to cover CFS beams having 87 
staggered slotted perforations.  88 
2 FE modelling of slotted perforated CFS channels 89 
2.1 General 90 
The general purpose and commercially available FE package ANSYS [20] has been employed 91 
to generate three dimensional FE models of slotted perforated beams, which allow for local 92 
buckling. The developed FE models were ensured to fail prominently in local buckling through 93 
providing appropriate boundary conditions while the possibility of distortional buckling failure 94 
was effectively restricted. The local buckling and four-point bending tests were used to validate 95 





the 5 mm thickness Web Side Plates (WSPs) to the models whilst the end supports were also 97 
provided through attaching WSPs. 98 
2.2 Element type and mesh refinement 99 
CFS beams have negligible cross-sectional thickness compared to the other two dimensions. 100 
Therefore, shell element theory can be employed. SHELL 181 element available in the ANSYS 101 
element library was assigned to all components of the FE models (see Fig. 3). This SHELL 181 102 
element has eight degrees of freedom at their four nodes. In addition, ANSYS shell element 103 
library also contains an eight-node shell element, SHELL 281, which has similar degrees of 104 
freedom in contrast to the number of nodes. However, both predicted the bending capacity 105 
subject to local bucking with similar accuracy, accounting geometrical and material non-106 
linearity. Therefore, considering the computation time and available computing resources, 107 
SHELL 181 element was used for the analysis. In addition, the contact between WSP and CFS 108 
channel was modelled with CONTA173 and TARGE170 elements.  109 
In a similar way, mesh size also affects the accuracy and time efficiency of FE models. All the 110 
components of the FE models were fully refined with 5 mm × 5 mm mesh sizes except the 111 
perforated web regions. Since the slotted perforated web region has been identified as critical, 112 
finer mesh refinement of 1.5 mm (in vertical direction) × 5 mm (in longitudinal direction) was 113 
given.  Similar mesh sizes were also adopted to model the shear and combined bending and 114 
shear behaviour of CFS beams with slotted perforations [6, 8]. Furthermore, the selected mesh 115 
sizes produced a satisfactory agreement with test results, therefore, further refining procedure 116 
was not conducted. 117 
2.3 Initial geometric imperfections 118 
The technique of super positioning the scaled local buckling modes was followed to include 119 
the initial geometric imperfection shape and amplitude into FE simulation. Elastic buckling 120 
analysis was performed in ANSYS for the slotted perforated CFS channels to generate the local 121 
buckling mode in the pure bending region of the four-point bending model.  Schafer and Peköz 122 
[21] represented the magnitude of the imperfections as a function of plate thickness, t. 123 
Therefore, a positive imperfection magnitude of 0.15t was used in the analysis and the lowest 124 
local buckling mode was used to introduce the shape of the initial geometric imperfection. The 125 





2.4 Material modelling 127 
The material modelling defines the stress-strain behaviour of CFS with key parameters; yield 128 
strength, ultimate strength and modulus of elasticity. ANSYS provides several options to define 129 
the stress-strain relationship such as bi-linear and multi linear. Haidarali and Nethecot [22] 130 
investigated four different material models to identify the suitable stress-strain relationship for 131 
FE modelling. They concluded that strain hardening has negligible effect on the behaviour of 132 
CFS beams in FE modelling while the gradual yielding of the material is essential. However, 133 
in this study, thin-walled CFS beams were modelled as bi-linear isotropic hardening with von 134 
Mises yielding criteria. Thus only the yield stress and elastic modulus were inputted in FE 135 
modelling to define the stress-strain behaviour. Further, WSPs were modelled as an elastic 136 
material with continuously increasing stress. The bi-linear stress-strain behaviour for FE 137 
modelling of CFS beams showed good agreement in predicting the ultimate bending capacity 138 
within the validation process. Similar material modelling were also followed in parametric 139 
study. The residual stresses and the elevated yield strength at corner regions were ignored in 140 
the FE analysis as Schafer et al.[23] claimed that in general practice both effects counteract 141 
each other. 142 
2.5 Boundary conditions 143 
FE models were developed to provide simply supported boundary conditions to the four-point 144 
bending set-up. The simulated boundary conditions in the FE models for the validation phase 145 
is narrated in Fig. 4. The four-point bending test is a symmetric arrangement and hence, only 146 
half of the set-up was modelled with symmetric boundary conditions. The contact between the 147 
WSPs and the CFS beam was achieved considering the WSP and CFS beam as target and 148 
contact surfaces, respectively. The contact between WSP and CFS beam is standard contact 149 
with default settings. This also includes the effect of shell thickness. The friction factor was 150 
not inputted in between the WSP and CFS beam. Because, contact boundary conditions are 151 
adequate to restrict displacements of the CFS beam to the WSP direction. All the nodes in the 152 
WSP were restrained in x-direction. However, no restriction in z direction was provided. This 153 
is because ANSYS transforms symmetry boundary conditions to the restriction of 154 
displacements in the z direction and rotations about X and Y directions.The bolts, used to 155 
connect the WSP and CFS beam in tests, were simulated through coupling the WSP and CFS 156 
beam nodes at bolt locations. Here, translations of these nodes were coupled in the x, y, and z-157 





conditions by restraining the translations and rotations of the strap locations at the top and 159 
bottom flanges nodes in the x and about z-directions, respectively. To prevent vertical 160 
movement of the end supports, the bottom edge mid-point in the WSP was restrained in the y-161 
direction. Since WSP were attached to CFS beam, CFS beam has the capability to act as simply 162 
supported boundary conditions when suitable boundary conditions are provided to WSPs. 163 
Similar approach was followed in simply supported four-point bending tests of CFS beam [11]. 164 
Further, at the loading points, the rotations of the top edge of WSP nodes were coupled about 165 
the x-direction to ensure rotations of all nodes at the top edge of WPS are the same. This is 166 
because to avoid local deformations of the WSP at the loading point. The rotations of other 167 
directions were not coupled because the nodes will not rotate about y and z after restraining 168 
translations of all WSP nodes in x directions. Load was applied to the coupled node, where all 169 
the vertical displacements are coupled, as a displacement control approach. Displacement 170 
control approach was selected over load control approach as particularly in non-linear problems 171 
displacement-controlled method has a more extensive scope and powerful abilities. 172 
2.6 Solution scheme 173 
The linear perturbation analysis (linear buckling analysis) of the model was performed as the 174 
first step to obtain the local buckling shapes and eigenvalues of the ‘perfect’ CFS beams. The 175 
generated local buckling modes were then associated with the initial geometric imperfections. 176 
Following that, non-linear static analysis was performed with the input of the imperfection 177 
shape and magnitude from the linear perturbation analysis. For this non-linear static analysis, 178 
arc-length method was not considered. Because there will not be any convergence issues as 179 
contact elements are only used to restrict the displacement of CFS beam to WSP direction. The 180 
use of arc-length method is essential to overcome convergence issues when contact elements 181 
are used to apply loads. The sparse direct equation based non-linear static analysis in ANSYS 182 
considers the material yielding and large deformation effect under loading. It is noteworthy to 183 
mention that the loading was performed through displacement control approach.  184 
2.7 Verification of the FE models 185 
The developed FE models were verified against the available test results to ensure the selected 186 
element type, mesh, material model, boundary conditions and solution scheme are suitable for 187 
further study. For the verification, four-point bending test results reported by Pham and 188 





behaviour of local and distortional buckling failure of cold-formed lipped channel and SupaCee 190 
sections. Local and distortional buckling tests have been classified by providing straps at 191 
regular intervals to the flanges in the pure bending region (mid-span) and providing no straps 192 
to the pure bending region, respectively. As this study focuses the local buckling behaviour of 193 
slotted perforated CFS beams under bending, six of these local buckling test results under 194 
bending for the lipped channel beams were verified with the FE analysis results. The 195 
imperfection magnitude of 0.15t with positive and negative values were used in FE analysis to 196 
determine the ultimate bending capacity.  197 
Table 1 presents the comparison of the predicted bending capacity results from the FE analysis 198 
and test results. The comparison of the test results and FE analysis bending capacities showed 199 
a satisfactory agreement, with a mean value of 1.13 for both positive and negative imperfection 200 
magnitudes. In addition, the coefficient of variation (COV) values are 0.030 and 0.035 for 201 
positive and negative imperfection magnitudes, respectively. Table 1 also presents the FE 202 
results reported in Pham and Hancock’s [24] numerical investigation for similar cross-section 203 
dimensions. Developed FE models using ANSYS showed a good agreement with the FE results 204 
reported in Pham and Hancock’s [24] numerical study. It should be noted that the initial 205 
imperfection magnitudes for each CFS specimens were not measured in Pham and Hancock’s 206 
[11] experiments. Therefore, the imperfection magnitude of 0.15t was used in the validation. 207 
FE analysis with zero imperfections (‘perfect’ CFS beams) resulted a mean value of 1.05 and 208 
COV value of 0.042. Thus, the tested CFS beams were more likely to be perfect sections. 209 
However, as a conservative approach, the imperfection magnitude of 0.15t was used in further 210 
parametric study. Fig. 5 shows the failure mode comparison between the local buckling test 211 
and FE models for C20015-Ms specimen. It can be noticed that the FE model predicted a 212 
similar failure mode in comparison to the test. For this specimen, the load-vertical displacement 213 
behaviour obtained from test and FE analysis is displayed in Fig. 6. Load-vertical displacement 214 
behaviour of the FE model also shows a consistent result at each stage compared to test curve. 215 
Therefore, the comparisons of the ultimate bending capacity, failure modes, and load-vertical 216 
displacement behaviour confirm that the selected model characteristics can be used to extend 217 










Table 1: Comparison of FE results and experimental [11] bending capacities of solid CFS channels 224 




























С15015-Ms 1.5 153.46 64.53 15.02 541.13 10.43 9.16 9.13 1.14 1.14 10.06 10.03 1.10 1.10 
С15019-Ms 1.9 153.54 65.01 16.27 534.48 15.86 13.56 13.49 1.17 1.18 14.72 14.71 1.09 1.09 
С15024-Ms 2.4 153.43 63.58 20.88 485.29 19.84 17.40 17.31 1.14 1.15 18.84 18.84 1.08 1.09 
С20015-Ms 1.5 203.74 75.88 16.16 513.40 13.47 12.49 12.61 1.08 1.07 13.37 13.39 1.07 1.06 
С20019-Ms 1.9 203.54 79.27 17.51 510.48 21.76 19.78 19.82 1.10 1.10 20.03 20.03 1.01 1.01 
С20024-Ms 2.4 202.30 77.58 21.26 483.49 31.39 27.34 27.19 1.15 1.15 28.23 28.20 1.03 1.04 
Min         1.08 1.07   1.01 1.01 
Max         1.17 1.18   1.10 1.10 
Mean         1.13 1.13   1.06 1.06 
COV         0.030 0.035   0.032 0.033 
Note: t = thickness; D= web depth, Bf= flange width, Bl= lip length; fy= yield stress, FE* = FE values reported in [24] for similar dimensions 225 
                                                                                                                                                                                                                    226 
3 Extended finite element analysis 227 
3.1 Aim of the extended analysis 228 
Given the satisfactory verification of the developed four-point bending FE model, an extension 229 
to a greater variety of staggered slotted perforated CFS channels and yield mechanical 230 
properties is possible. Particular interest was given to examine all the influencing parameters 231 
on the local buckling strength and behaviour. This was mainly driven to create a wide range of 232 
data sets and from that develop simplified design equations to predict the ultimate bending 233 
capacity of the staggered slotted perforated CFS beams subject to local buckling. The modulus 234 
of the elasticity of the material is considered as 200 GPa and the Poisson’s ratio was taken as 235 
0.3, for both CFS channels and WSP. 236 
3.2 Parameters of interest 237 
All the dimensional parameters and the mechanical properties were varied, thus 432 discrete 238 
FE models of CFS beams with staggered slotted perforations were developed to generate the 239 
ultimate bending capacity data set. The dimensional parameters of section depth (D), flange 240 
width (Bf), lip length (Bl), thickness (t), slot length (Lsl), slot width (Wsl), total number of slot 241 
rows (n), number of slot row groups (N) were varied. Fig. 7 shows the definition of the 242 
notations used in the parametric study. Three different section depths of 150, 200, and 250 mm, 243 
two different flange widths of 45 and 65 mm, three different thicknesses of 1, 2, and 3 mm, 244 
two different slot lengths of 60 and 75 mm, two different slot widths of 3 and 5 mm, three 245 
different total number slot rows of 6, 8, and 12 (6 rows for 150 mm section depth, 6 and 8 rows 246 





groups were the considered dimensional parameters. To vary the mechanical properties, 248 
different yield strengths (fy) were considered. Three different yield strengths of 300, 500, and 249 
600 MPa were considered to cover the wide range of yield strength. The varying parameters 250 
are presented in Table 2. The developed 432 FE models were labelled with notations for better 251 
understanding. The labelling rule used in the parametric study is narrated in Fig. 8.  252 
 253 















n N Number of  
models 
300 150 45 13 1, 2, 3 60, 75 3, 5 6 1, 2 24 
 200 45 13 1, 2, 3 60, 75 3, 5 6, 8 1, 2 48 
 250 65 13 1, 2, 3 60, 75 3, 5 6, 8, 12 1, 2 72 
          
Sub-total         144 
          
500 150 45 13 1, 2, 3 60, 75 3, 5 6 1, 2 24 
 200 45 13 1, 2, 3 60, 75 3, 5 6, 8 1, 2 48 
 250 65 13 1, 2, 3 60, 75 3, 5 6, 8, 12 1, 2 72 
          
Sub-total         144 
          
600 150 45 13 1, 2, 3 60, 75 3, 5 6 1, 2 24 
 200 45 13 1, 2, 3 60, 75 3, 5 6, 8 1, 2 48 
 250 65 13 1, 2, 3 60, 75 3, 5 6, 8, 12 1, 2 72 
          
Sub-total         144 
          
Total         432 
Note:  fy = yield stress, D = section depth, Bf = flange width, Bl = lip length, t = thickness, Lsl = slot length, Wsl = slot width, 255 
n = total number of slot rows, N = number of slot row groups 256 
3.3 Effect of FE model span 257 
The validated FE models have a total span of 2600 mm as similar to the test spans used in [11]. 258 
However, this study has also focused on investigating the effect of the FE model span on the 259 
ultimate bending capacity. A few analyses were performed to investigate this considering two 260 
different spans, 2600 mm and 4800 mm. In addition to examining the effect of the total span, 261 
another important point considered is to provide the slotted perforations throughout the entire 262 
length or only to the pure bending span. To investigate this, the analysis was conducted in two 263 
categories. In the first category, the CFS beam was modelled as having a 4800 mm span and 264 
staggered slotted perforations incorporated along the entire web of the span. In contrast, in the 265 
second category, the CFS beam was modelled as having a 2600 mm span and staggered slotted 266 
perforations were incorporated only in web of the pure bending region (mid-span). Similarly, 267 





depicts the developed FE models of 4800 mm long solid web CFS beams and CFS beams with 269 
staggered slotted perforations provided along the entire span. In the developed FE models of 270 
2600 mm span, solid web CFS beams and CFS beams with staggered slotted perforations were 271 
limited only to the mid-span are shown in Fig. 10. The boundary conditions used for these two 272 
categories are depicted in Figs. 11 and 12, respectively. The ultimate bending capacity obtained 273 
from the FE analysis for the different spans are presented in Table 3. The analysis results 274 
display that the perforations in the two end spans of four-point bending set-up and total span 275 
do not influence the ultimate bending capacity. Therefore, considering the time efficiency for 276 
the analysis, a span of 2600 mm with staggered slotted perforations only in the mid-span was 277 
used in the parametric study. Figs. 13 and 14 show the failure mode comparison obtained at 278 
different stages for 2600 mm and 4800 mm spans of 250-3-60-3-2-12-300, and 150-3-60-3-1-279 
6-600 beams, respectively.  280 
















Mslots, 4.8 / 
Mslots, 2.6 
 
150-1-0-0-0-0-600 4.83 4.79 1.01 150-1-60-3-1-6-600 4.75 4.75 1.01 
150-3-0-0-0-0-600 19.92 19.66 1.01 150-1-60-3-2-6-600 4.67 4.67 1.01 
250-1-0-0-0-0-600 8.10 8.09 1.00 150-3-60-3-1-6-600 18.76 18.76 0.98 
250-3-0-0-0-0-600 45.15 45.46 0.99 150-3-60-3-2-6-600 18.56 18.56 0.98 
150-1-0-0-0-0-300 3.19 3.17 1.01 250-1-60-3-1-6-600 8.05 8.05 1.00 
150-3-0-0-0-0-300 10.49 10.40 1.01 250-1-60-3-2-6-600 8.10 8.10 1.03 
250-1-0-0-0-0-300 5.55 5.55 1.00 250-1-60-3-1-12-600 7.82 7.82 0.99 
250-3-0-0-0-0-300 25.52 25.69 0.99 250-1-60-3-2-12-600 7.76 7.76 0.99 
    250-3-60-3-1-6-600 45.18 45.18 1.02 
    250-3-60-3-2-6-600 44.53 44.53 1.01 
    250-3-60-3-1-12-600 43.47 43.47 1.01 
    250-3-60-3-2-12-600 42.51 42.51 1.01 
    150-1-60-3-1-6-300 3.13 3.11 1.01 
    150-1-60-3-2-6-300 3.10 3.09 1.00 
    150-3-60-3-1-6-300 10.10 10.13 1.00 
    150-3-60-3-2-6-300 9.99 10.05 0.99 
    250-1-60-3-1-6-300 5.57 5.54 1.01 
    250-1-60-3-2-6-300 5.52 5.52 1.00 
    250-1-60-3-1-12-300 5.49 5.48 1.00 
    250-1-60-3-2-12-300 5.50 5.47 1.01 
    250-3-60-3-1-6-300 25.66 25.32 1.01 
    250-3-60-3-2-6-300 25.42 25.24 1.01 
    250-3-60-3-1-12-300 24.89 24.72 1.01 
    250-3-60-3-2-12-300 24.44 24.32 1.00 
Note: Msolid, 4.8 = bending capacity for 4800 mm span with solid web, Msolid, 2.6 = bending capacity for 2600 mm span with solid 282 
web, Mslots, 4.8 = bending capacity for 4800 mm span with slotted web, Mslots, 2.6 = bending capacity for 2600 mm span with 283 





4 FE results analysis of the slotted perforated channels 285 
The ultimate bending strength and behaviour of CFS beams with staggered slotted perforations 286 
were investigated in detail using the analysed 432 FE models. Further, the ultimate bending 287 
capacity of the corresponding solid web CFS channels were also obtained from FE analysis to 288 
study the bending capacity reduction due to the staggered slotted perforations. These results 289 
are required to develop simplified design equations, explained in the following sections. 290 
Therefore, the bending capacities, section and elastic properties of the solid web CFS channels 291 
were determined and presented in Table 4. Here, the local buckling moment was calculated 292 
from THIN-WALL finite strip analysis software. 293 















150 45 13 1 11 416 13 812 1.21 2.90 
   2 21 416 26 945 1.26 22.37 
   3 30 024 39 404 1.31 66.02 
200 45 13 1 17 018 20 987 1.23 2.54 
   2 32 199 41 094 1.28 19.36 
   3 45 567 60 329 1.32 60.98 
250 65 13 1 28 416 34 393 1.21 2.64 
   2 54 495 67 644 1.24 20.29 
   3 78 260 99 824 1.28 62.50 
Mean      1.26  
Note: D = section depth, Bf = flange width, Bl = lip length, Z = elastic section modulus, S = plastic section modulus, Mol = 295 
local buckling moment 296 
 Fig. 15 details the load- vertical displacement response of slotted channel 150-2-75-3-2-6-300, 297 
its corresponding solid channel 150-2-0-0-0-0-300 and its behavior at different stages. 298 
Similarly, the load-deflection response of slotted channel 200-2-75-3-2-8-500, and its 299 
corresponding solid channel 200-2-0-0-0-0-500 and its behavior at different stages are 300 
illustrated in Fig. 16. Fig. 17 shows the von Misses stress failure pattern for a 150 mm section 301 
depth solid and staggered slotted perforated channels, while Fig. 18 depicts the von Misses 302 
stress failure pattern for a 250 mm section depth solid and staggered slotted perforated 303 
channels. These figures highlight that staggered slotted perforations in the web, increases the 304 
sensitivity of the web buckling thus, decreases the ultimate local buckling bending capacity. In 305 
addition to that, deformation failure patterns obtained from the FE analysis for the staggered 306 
slotted perforated CFS channels are depicted in Fig. 19.  307 
 The parametric study results for the entire 432 models having staggered slotted perforations 308 
and corresponding solid web CFS channels results are presented in three tables; Table 5-7. 309 





MPa, respectively. In these tables, Mslots, denotes the ultimate bending capacity of the staggered 311 
slotted perforated CFS beams prominently failed in local buckling while, Msolid, denotes the 312 
ultimate bending capacity of the corresponding solid CFS beams prominently failed in local 313 
buckling.  Moreover, Tables 5-7 also present the Mslots/Msoild ratios (identified as reduction 314 
factor herein) and from this, the reduction of the bending capacity due to the staggered slotted 315 
perforations are examined.  316 
Zhao et al. [16] found that a small ultimate bending capacity reduction occurs when cold-317 
formed lipped channel beams with rectangular web openings predominantly fail under local 318 
buckling. Performing experimental studies they observed that the ultimate bending capacity 319 
reduction is approximately 16% when the rectangular opening height-to-web depth ratio is 0.8. 320 
Similarly, for staggered slotted perforated CFS channels, it was noticed that up to 11 % of 321 
bending capacity reduction was achieved and this has occurred when the web experiences the 322 
highest web area reduction. Further, a small reduction capacity was noticed when the web 323 
experiences the lowest web area reduction.  324 
Table 5: Parametric study results for fy = 300 MPa  325 
No Channels with Slotted 
Webs 






No Channels with Slotted 
Webs 






1 150-1-60-3-1-6-300 3.11 3.17 0.98 73 250-1-60-3-1-6-300 5.54 5.55 1.00* 
2 150-1-60-5-1-6-300 3.10 3.17 0.98 74 250-1-60-5-1-6-300 5.52 5.55 1.00* 
3 150-1-75-3-1-6-300 3.11 3.17 0.98 75 250-1-75-3-1-6-300 5.53 5.55 1.00* 
4 150-1-75-5-1-6-300 3.11 3.17 0.98 76 250-1-75-5-1-6-300 5.50 5.55 0.99 
5 150-1-60-3-2-6-300 3.09 3.17 0.97 77 250-1-60-3-2-6-300 5.52 5.55 0.99 
6 150-1-60-5-2-6-300 3.05 3.17 0.96 78 250-1-60-5-2-6-300 5.51 5.55 0.99 
7 150-1-75-3-2-6-300 3.07 3.17 0.97 79 250-1-75-3-2-6-300 5.50 5.55 0.99 
8 150-1-75-5-2-6-300 3.03 3.17 0.95 80 250-1-75-5-2-6-300 5.50 5.55 0.99 
9 150-2-60-3-1-6-300 6.90 7.03 0.98 81 250-1-60-3-1-8-300 5.51 5.55 0.99 
10 150-2-60-5-1-6-300 6.83 7.03 0.97 82 250-1-60-5-1-8-300 5.49 5.55 0.99 
11 150-2-75-3-1-6-300 6.83 7.03 0.97 83 250-1-75-3-1-8-300 5.51 5.55 0.99 
12 150-2-75-5-1-6-300 6.77 7.03 0.96 84 250-1-75-5-1-8-300 5.48 5.55 0.99 
13 150-2-60-3-2-6-300 6.79 7.03 0.97 85 250-1-60-3-2-8-300 5.51 5.55 0.99 
14 150-2-60-5-2-6-300 6.70 7.03 0.95 86 250-1-60-5-2-8-300 5.52 5.55 1.00* 
15 150-2-75-3-2-6-300 6.74 7.03 0.96 87 250-1-75-3-2-8-300 5.50 5.55 0.99 
16 150-2-75-5-2-6-300 6.63 7.03 0.94 88 250-1-75-5-2-8-300 5.48 5.55 0.99 
17 150-3-60-3-1-6-300 10.13 10.40 0.97 89 250-1-60-3-1-12-300 5.48 5.55 0.99 
18 150-3-60-5-1-6-300 10.05 10.40 0.97 90 250-1-60-5-1-12-300 5.46 5.55 0.98 
19 150-3-75-3-1-6-300 10.39 10.40 1.00 91 250-1-75-3-1-12-300 5.46 5.55 0.98 
20 150-3-75-5-1-6-300 10.31 10.40 0.99 92 250-1-75-5-1-12-300 5.47 5.55 0.99 
21 150-3-60-3-2-6-300 10.05 10.40 0.97 93 250-1-60-3-2-12-300 5.47 5.55 0.99 
22 150-3-60-5-2-6-300 9.86 10.40 0.95 94 250-1-60-5-2-12-300 5.45 5.55 0.98 
23 150-3-75-3-2-6-300 10.29 10.40 0.99 95 250-1-75-3-2-12-300 5.43 5.55 0.98 
24 150-3-75-5-2-6-300 10.08 10.40 0.97 96 250-1-75-5-2-12-300 5.41 5.55 0.98 
25 200-1-60-3-1-6-300 4.28 4.34 0.99 97 250-2-60-3-1-6-300 15.89 16.30 0.97 
26 200-1-60-5-1-6-300 4.27 4.34 0.98 98 250-2-60-5-1-6-300 15.79 16.30 0.97 
27 200-1-75-3-1-6-300 4.25 4.34 0.98 99 250-2-75-3-1-6-300 15.69 16.30 0.96 
28 200-1-75-5-1-6-300 4.24 4.34 0.98 100 250-2-75-5-1-6-300 15.58 16.30 0.96 
29 200-1-60-3-2-6-300 4.26 4.34 0.98 101 250-2-60-3-2-6-300 15.76 16.30 0.97 





31 200-1-75-3-2-6-300 4.23 4.34 0.97 103 250-2-75-3-2-6-300 15.52 16.30 0.95 
32 200-1-75-5-2-6-300 4.19 4.34 0.97 104 250-2-75-5-2-6-300 15.40 16.30 0.95 
33 200-1-60-3-1-8-300 4.25 4.34 0.98 105 250-2-60-3-1-8-300 15.74 16.30 0.97 
34 200-1-60-5-1-8-300 4.25 4.34 0.98 106 250-2-60-5-1-8-300 15.64 16.30 0.96 
35 200-1-75-3-1-8-300 4.23 4.34 0.97 107 250-2-75-3-1-8-300 15.50 16.30 0.95 
36 200-1-75-5-1-8-300 4.20 4.34 0.97 108 250-2-75-5-1-8-300 15.38 16.30 0.94 
37 200-1-60-3-2-8-300 4.21 4.34 0.97 109 250-2-60-3-2-8-300 15.57 16.30 0.96 
38 200-1-60-5-2-8-300 4.20 4.34 0.97 110 250-2-60-5-2-8-300 15.47 16.30 0.95 
39 200-1-75-3-2-8-300 4.20 4.34 0.97 111 250-2-75-3-2-8-300 15.52 16.30 0.95 
40 200-1-75-5-2-8-300 4.18 4.34 0.96 112 250-2-75-5-2-8-300 15.20 16.30 0.93 
41 200-2-60-3-1-6-300 10.20 10.22 1.00* 113 250-2-60-3-1-12-300 15.38 16.30 0.94 
42 200-2-60-5-1-6-300 10.10 10.22 0.99 114 250-2-60-5-1-12-300 15.26 16.30 0.94 
43 200-2-75-3-1-6-300 10.02 10.22 0.98 115 250-2-75-3-1-12-300 15.10 16.30 0.93 
44 200-2-75-5-1-6-300 9.92 10.22 0.97 116 250-2-75-5-1-12-300 15.00 16.30 0.92 
45 200-2-60-3-2-6-300 10.00 10.22 0.98 117 250-2-60-3-2-12-300 15.15 16.30 0.93 
46 200-2-60-5-2-6-300 9.94 10.22 0.97 118 250-2-60-5-2-12-300 15.08 16.30 0.93 
47 200-2-75-3-2-6-300 9.90 10.22 0.97 119 250-2-75-3-2-12-300 15.52 16.30 0.95 
48 200-2-75-5-2-6-300 9.86 10.22 0.96 120 250-2-75-5-2-12-300 14.92 16.30 0.92 
49 200-2-60-3-1-8-300 10.02 10.22 0.98 121 250-3-60-3-1-6-300 25.32 25.69 0.99 
50 200-2-60-5-1-8-300 9.93 10.22 0.97 122 250-3-60-5-1-6-300 25.27 25.69 0.98 
51 200-2-75-3-1-8-300 9.86 10.22 0.96 123 250-3-75-3-1-6-300 25.55 25.69 0.99 
52 200-2-75-5-1-8-300 9.81 10.22 0.96 124 250-3-75-5-1-6-300 25.43 25.69 0.99 
53 200-2-60-3-2-8-300 9.91 10.22 0.97 125 250-3-60-3-2-6-300 25.24 25.69 0.98 
54 200-2-60-5-2-8-300 9.82 10.22 0.96 126 250-3-60-5-2-6-300 25.08 25.69 0.98 
55 200-2-75-3-2-8-300 9.82 10.22 0.96 127 250-3-75-3-2-6-300 25.27 25.69 0.98 
56 200-2-75-5-2-8-300 9.72 10.22 0.95 128 250-3-75-5-2-6-300 25.00 25.69 0.97 
57 200-3-60-3-1-6-300 15.73 15.68 1.00* 129 250-3-60-3-1-8-300 25.45 25.69 0.99 
58 200-3-60-5-1-6-300 15.64 15.68 1.00* 130 250-3-60-5-1-8-300 25.28 25.69 0.98 
59 200-3-75-3-1-6-300 15.82 15.68 1.01* 131 250-3-75-3-1-8-300 25.22 25.69 0.98 
60 200-3-75-5-1-6-300 15.73 15.68 1.00* 132 250-3-75-5-1-8-300 25.03 25.69 0.97 
61 200-3-60-3-2-6-300 15.45 15.68 0.99 133 250-3-60-3-2-8-300 25.21 25.69 0.98 
62 200-3-60-5-2-6-300 15.27 15.68 0.97 134 250-3-60-5-2-8-300 24.80 25.69 0.97 
63 200-3-75-3-2-6-300 15.62 15.68 1.00* 135 250-3-75-3-2-8-300 24.94 25.69 0.97 
64 200-3-75-5-2-6-300 15.42 15.68 0.98 136 250-3-75-5-2-8-300 24.66 25.69 0.96 
65 200-3-60-3-1-8-300 15.48 15.68 0.99 137 250-3-60-3-1-12-300 24.72 25.69 0.96 
66 200-3-60-5-1-8-300 15.35 15.68 0.98 138 250-3-60-5-1-12-300 24.45 25.69 0.95 
67 200-3-75-3-1-8-300 15.59 15.68 0.99 139 250-3-75-3-1-12-300 24.71 25.69 0.96 
68 200-3-75-5-1-8-300 15.51 15.68 0.99 140 250-3-75-5-1-12-300 24.44 25.69 0.95 
69 200-3-60-3-2-8-300 15.25 15.68 0.97 141 250-3-60-3-2-12-300 24.32 25.69 0.95 
70 200-3-60-5-2-8-300 14.98 15.68 0.96 142 250-3-60-5-2-12-300 23.92 25.69 0.93 
71 200-3-75-3-2-8-300 15.41 15.68 0.98 143 250-3-75-3-2-12-300 24.35 25.69 0.95 
72 200-3-75-5-2-8-300 15.08 15.68 0.96 144 250-3-75-5-2-12-300 23.93 25.69 0.93 
Note: Mslots = bending capacity of slotted web channel, Msolid = bending capacity of solid web channel, * = numerical errors 326 
Table 6: Parametric study results for fy = 500 MPa  327 
No Channels with Slotted 
Webs 






No Channels with Slotted 
Webs 






1 150-1-60-3-1-6-500 4.37 4.39 1.00* 73 250-1-60-3-1-6-500 7.27 7.33 0.99 
2 150-1-60-5-1-6-500 4.39 4.39 1.00* 74 250-1-60-5-1-6-500 7.24 7.33 0.99 
3 150-1-75-3-1-6-500 4.31 4.39 0.98 75 250-1-75-3-1-6-500 7.23 7.33 0.99 
4 150-1-75-5-1-6-500 4.31 4.39 0.98 76 250-1-75-5-1-6-500 7.21 7.33 0.98 
5 150-1-60-3-2-6-500 4.23 4.39 0.97 77 250-1-60-3-2-6-500 7.21 7.33 0.98 
6 150-1-60-5-2-6-500 4.28 4.39 0.98 78 250-1-60-5-2-6-500 7.21 7.33 0.98 
7 150-1-75-3-2-6-500 4.21 4.39 0.96 79 250-1-75-3-2-6-500 7.16 7.33 0.98 
8 150-1-75-5-2-6-500 4.27 4.39 0.97 80 250-1-75-5-2-6-500 7.14 7.33 0.97 
9 150-2-60-3-1-6-500 10.76 11.07 0.97 81 250-1-60-3-1-8-500 7.24 7.33 0.99 
10 150-2-60-5-1-6-500 10.65 11.07 0.96 82 250-1-60-5-1-8-500 7.19 7.33 0.98 
11 150-2-75-3-1-6-500 10.63 11.07 0.96 83 250-1-75-3-1-8-500 7.18 7.33 0.98 





13 150-2-60-3-2-6-500 10.66 11.07 0.96 85 250-1-60-3-2-8-500 7.17 7.33 0.98 
14 150-2-60-5-2-6-500 10.57 11.07 0.95 86 250-1-60-5-2-8-500 7.20 7.33 0.98 
15 150-2-75-3-2-6-500 10.55 11.07 0.95 87 250-1-75-3-2-8-500 7.12 7.33 0.97 
16 150-2-75-5-2-6-500 10.44 11.07 0.94 88 250-1-75-5-2-8-500 7.11 7.33 0.97 
17 150-3-60-3-1-6-500 16.21 16.73 0.97 89 250-1-60-3-1-12-500 7.19 7.33 0.98 
18 150-3-60-5-1-6-500 16.10 16.73 0.96 90 250-1-60-5-1-12-500 7.20 7.33 0.98 
19 150-3-75-3-1-6-500 16.62 16.73 0.99 91 250-1-75-3-1-12-500 7.09 7.33 0.97 
20 150-3-75-5-1-6-500 16.40 16.73 0.98 92 250-1-75-5-1-12-500 7.08 7.33 0.97 
21 150-3-60-3-2-6-500 16.16 16.73 0.97 93 250-1-60-3-2-12-500 7.16 7.33 0.98 
22 150-3-60-5-2-6-500 15.93 16.73 0.95 94 250-1-60-5-2-12-500 7.19 7.33 0.98 
23 150-3-75-3-2-6-500 16.42 16.73 0.98 95 250-1-75-3-2-12-500 7.02 7.33 0.96 
24 150-3-75-5-2-6-500 16.09 16.73 0.96 96 250-1-75-5-2-12-500 7.03 7.33 0.96 
25 200-1-60-3-1-6-500 5.91 5.96 0.99 97 250-2-60-3-1-6-500 22.75 23.26 0.98 
26 200-1-60-5-1-6-500 5.91 5.96 0.99 98 250-2-60-5-1-6-500 22.60 23.26 0.97 
27 200-1-75-3-1-6-500 5.98 5.96 1.00* 99 250-2-75-3-1-6-500 22.48 23.26 0.97 
28 200-1-75-5-1-6-500 5.94 5.96 1.00* 100 250-2-75-5-1-6-500 22.31 23.26 0.96 
29 200-1-60-3-2-6-500 6.03 5.96 1.01* 101 250-2-60-3-2-6-500 22.48 23.26 0.97 
30 200-1-60-5-2-6-500 6.01 5.96 1.01* 102 250-2-60-5-2-6-500 22.35 23.26 0.96 
31 200-1-75-3-2-6-500 5.98 5.96 1.00* 103 250-2-75-3-2-6-500 22.19 23.26 0.95 
32 200-1-75-5-2-6-500 5.92 5.96 0.99 104 250-2-75-5-2-6-500 22.00 23.26 0.95 
33 200-1-60-3-1-8-500 6.00 5.96 1.01* 105 250-2-60-3-1-8-500 22.48 23.26 0.97 
34 200-1-60-5-1-8-500 5.97 5.96 1.00* 106 250-2-60-5-1-8-500 22.34 23.26 0.96 
35 200-1-75-3-1-8-500 5.89 5.96 0.99 107 250-2-75-3-1-8-500 22.19 23.26 0.95 
36 200-1-75-5-1-8-500 5.83 5.96 0.98 108 250-2-75-5-1-8-500 22.02 23.26 0.95 
37 200-1-60-3-2-8-500 5.90 5.96 0.99 109 250-2-60-3-2-8-500 22.20 23.26 0.95 
38 200-1-60-5-2-8-500 5.90 5.96 0.99 110 250-2-60-5-2-8-500 22.07 23.26 0.95 
39 200-1-75-3-2-8-500 5.92 5.96 0.99 111 250-2-75-3-2-8-500 21.86 23.26 0.94 
40 200-1-75-5-2-8-500 5.87 5.96 0.98 112 250-2-75-5-2-8-500 21.66 23.26 0.93 
41 200-2-60-3-1-6-500 15.48 15.60 0.99 113 250-2-60-3-1-12-500 21.93 23.26 0.94 
42 200-2-60-5-1-6-500 15.35 15.60 0.98 114 250-2-60-5-1-12-500 21.75 23.26 0.94 
43 200-2-75-3-1-6-500 15.07 15.60 0.97 115 250-2-75-3-1-12-500 21.53 23.26 0.93 
44 200-2-75-5-1-6-500 14.92 15.60 0.96 116 250-2-75-5-1-12-500 21.34 23.26 0.92 
45 200-2-60-3-2-6-500 15.08 15.60 0.97 117 250-2-60-3-2-12-500 21.43 23.26 0.92 
46 200-2-60-5-2-6-500 15.02 15.60 0.96 118 250-2-60-5-2-12-500 21.28 23.26 0.91 
47 200-2-75-3-2-6-500 14.77 15.60 0.95 119 250-2-75-3-2-12-500 21.02 23.26 0.90 
48 200-2-75-5-2-6-500 14.79 15.60 0.95 120 250-2-75-5-2-12-500 20.88 23.26 0.90 
49 200-2-60-3-1-8-500 15.08 15.60 0.97 121 250-3-60-3-1-6-500 38.72 39.64 0.98 
50 200-2-60-5-1-8-500 14.93 15.60 0.96 122 250-3-60-5-1-6-500 38.55 39.64 0.97 
51 200-2-75-3-1-8-500 14.65 15.60 0.94 123 250-3-75-3-1-6-500 38.89 39.64 0.98 
52 200-2-75-5-1-8-500 14.52 15.60 0.93 124 250-3-75-5-1-6-500 38.65 39.64 0.98 
53 200-2-60-3-2-8-500 15.00 15.60 0.96 125 250-3-60-3-2-6-500 38.53 39.64 0.97 
54 200-2-60-5-2-8-500 14.93 15.60 0.96 126 250-3-60-5-2-6-500 38.27 39.64 0.97 
55 200-2-75-3-2-8-500 14.72 15.60 0.94 127 250-3-75-3-2-6-500 38.45 39.64 0.97 
56 200-2-75-5-2-8-500 14.73 15.60 0.94 128 250-3-75-5-2-6-500 38.12 39.64 0.96 
57 200-3-60-3-1-6-500 24.52 24.72 0.99 129 250-3-60-3-1-8-500 38.54 39.64 0.97 
58 200-3-60-5-1-6-500 24.37 24.72 0.99 130 250-3-60-5-1-8-500 38.22 39.64 0.96 
59 200-3-75-3-1-6-500 24.60 24.72 1.00* 131 250-3-75-3-1-8-500 38.43 39.64 0.97 
60 200-3-75-5-1-6-500 24.45 24.72 0.99 132 250-3-75-5-1-8-500 38.10 39.64 0.96 
61 200-3-60-3-2-6-500 24.22 24.72 0.98 133 250-3-60-3-2-8-500 38.10 39.64 0.96 
62 200-3-60-5-2-6-500 24.06 24.72 0.97 134 250-3-60-5-2-8-500 37.78 39.64 0.95 
63 200-3-75-3-2-6-500 24.46 24.72 0.99 135 250-3-75-3-2-8-500 37.93 39.64 0.96 
64 200-3-75-5-2-6-500 24.25 24.72 0.98 136 250-3-75-5-2-8-500 37.57 39.64 0.95 
65 200-3-60-3-1-8-500 24.19 24.72 0.98 137 250-3-60-3-1-12-500 37.66 39.64 0.95 
66 200-3-60-5-1-8-500 24.03 24.72 0.97 138 250-3-60-5-1-12-500 37.27 39.64 0.94 
67 200-3-75-3-1-8-500 24.30 24.72 0.98 139 250-3-75-3-1-12-500 37.45 39.64 0.94 
68 200-3-75-5-1-8-500 24.16 24.72 0.98 140 250-3-75-5-1-12-500 37.10 39.64 0.94 
69 200-3-60-3-2-8-500 23.90 24.72 0.97 141 250-3-60-3-2-12-500 37.04 39.64 0.93 
70 200-3-60-5-2-8-500 23.69 24.72 0.96 142 250-3-60-5-2-12-500 36.67 39.64 0.93 





72 200-3-75-5-2-8-500 23.77 24.72 0.96 144 250-3-75-5-2-12-500 36.68 39.64 0.93 
Note: Mslots = bending capacity of slotted web channel, Msolid = bending capacity of solid web channel, * = numerical errors 328 
 329 
Table 7: Parametric study results for fy = 600 MPa  330 
No Channels with Slotted 
Webs 






No Channels with Slotted 
Webs 






1 150-1-60-3-1-6-600 4.69 4.79 0.98 73 250-1-60-3-1-6-600 8.04 8.09 0.99 
2 150-1-60-5-1-6-600 4.69 4.79 0.98 74 250-1-60-5-1-6-600 8.02 8.09 0.99 
3 150-1-75-3-1-6-600 4.65 4.79 0.97 75 250-1-75-3-1-6-600 8.00 8.09 0.99 
4 150-1-75-5-1-6-600 4.66 4.79 0.97 76 250-1-75-5-1-6-600 7.97 8.09 0.98 
5 150-1-60-3-2-6-600 4.64 4.79 0.97 77 250-1-60-3-2-6-600 7.89 8.09 0.97 
6 150-1-60-5-2-6-600 4.70 4.79 0.98 78 250-1-60-5-2-6-600 7.90 8.09 0.98 
7 150-1-75-3-2-6-600 4.60 4.79 0.96 79 250-1-75-3-2-6-600 7.88 8.09 0.97 
8 150-1-75-5-2-6-600 4.69 4.79 0.98 80 250-1-75-5-2-6-600 7.86 8.09 0.97 
9 150-2-60-3-1-6-600 12.51 12.94 0.97 81 250-1-60-3-1-8-600 8.02 8.09 0.99 
10 150-2-60-5-1-6-600 12.39 12.94 0.96 82 250-1-60-5-1-8-600 7.94 8.09 0.98 
11 150-2-75-3-1-6-600 12.38 12.94 0.96 83 250-1-75-3-1-8-600 7.91 8.09 0.98 
12 150-2-75-5-1-6-600 12.26 12.94 0.95 84 250-1-75-5-1-8-600 7.89 8.09 0.98 
13 150-2-60-3-2-6-600 12.46 12.94 0.96 85 250-1-60-3-2-8-600 7.87 8.09 0.97 
14 150-2-60-5-2-6-600 12.37 12.94 0.96 86 250-1-60-5-2-8-600 7.89 8.09 0.98 
15 150-2-75-3-2-6-600 12.31 12.94 0.95 87 250-1-75-3-2-8-600 7.85 8.09 0.97 
16 150-2-75-5-2-6-600 12.20 12.94 0.94 88 250-1-75-5-2-8-600 7.82 8.09 0.97 
17 150-3-60-3-1-6-600 19.07 19.66 0.97 89 250-1-60-3-1-12-600 7.90 8.09 0.98 
18 150-3-60-5-1-6-600 18.97 19.66 0.96 90 250-1-60-5-1-12-600 7.84 8.09 0.97 
19 150-3-75-3-1-6-600 19.53 19.66 0.99 91 250-1-75-3-1-12-600 7.79 8.09 0.96 
20 150-3-75-5-1-6-600 19.22 19.66 0.98 92 250-1-75-5-1-12-600 7.78 8.09 0.96 
21 150-3-60-3-2-6-600 19.04 19.66 0.97 93 250-1-60-3-2-12-600 7.86 8.09 0.97 
22 150-3-60-5-2-6-600 18.79 19.66 0.96 94 250-1-60-5-2-12-600 7.92 8.09 0.98 
23 150-3-75-3-2-6-600 19.24 19.66 0.98 95 250-1-75-3-2-12-600 7.74 8.09 0.96 
24 150-3-75-5-2-6-600 18.88 19.66 0.96 96 250-1-75-5-2-12-600 7.72 8.09 0.95 
25 200-1-60-3-1-6-600 6.47 6.52 0.99 97 250-2-60-3-1-6-600 25.16 26.02 0.97 
26 200-1-60-5-1-6-600 6.45 6.52 0.99 98 250-2-60-5-1-6-600 25.02 26.02 0.96 
27 200-1-75-3-1-6-600 6.39 6.52 0.98 99 250-2-75-3-1-6-600 24.94 26.02 0.96 
28 200-1-75-5-1-6-600 6.35 6.52 0.97 100 250-2-75-5-1-6-600 24.77 26.02 0.95 
29 200-1-60-3-2-6-600 6.37 6.52 0.98 101 250-2-60-3-2-6-600 24.93 26.02 0.96 
30 200-1-60-5-2-6-600 6.37 6.52 0.98 102 250-2-60-5-2-6-600 24.81 26.02 0.95 
31 200-1-75-3-2-6-600 6.35 6.52 0.97 103 250-2-75-3-2-6-600 24.68 26.02 0.95 
32 200-1-75-5-2-6-600 6.33 6.52 0.97 104 250-2-75-5-2-6-600 24.49 26.02 0.94 
33 200-1-60-3-1-8-600 6.39 6.52 0.98 105 250-2-60-3-1-8-600 24.93 26.02 0.96 
34 200-1-60-5-1-8-600 6.35 6.52 0.97 106 250-2-60-5-1-8-600 24.80 26.02 0.95 
35 200-1-75-3-1-8-600 6.36 6.52 0.98 107 250-2-75-3-1-8-600 24.68 26.02 0.95 
36 200-1-75-5-1-8-600 6.34 6.52 0.97 108 250-2-75-5-1-8-600 24.50 26.02 0.94 
37 200-1-60-3-2-8-600 6.33 6.52 0.97 109 250-2-60-3-2-8-600 24.70 26.02 0.95 
38 200-1-60-5-2-8-600 6.29 6.52 0.96 110 250-2-60-5-2-8-600 24.53 26.02 0.94 
39 200-1-75-3-2-8-600 6.40 6.52 0.98 111 250-2-75-3-2-8-600 24.35 26.02 0.94 
40 200-1-75-5-2-8-600 6.27 6.52 0.96 112 250-2-75-5-2-8-600 24.13 26.02 0.93 
41 200-2-60-3-1-6-600 17.74 17.99 0.99 113 250-2-60-3-1-12-600 24.40 26.02 0.94 
42 200-2-60-5-1-6-600 17.67 17.99 0.98 114 250-2-60-5-1-12-600 24.22 26.02 0.93 
43 200-2-75-3-1-6-600 17.25 17.99 0.96 115 250-2-75-3-1-12-600 24.02 26.02 0.92 
44 200-2-75-5-1-6-600 17.07 17.99 0.95 116 250-2-75-5-1-12-600 23.80 26.02 0.91 
45 200-2-60-3-2-6-600 17.20 17.99 0.96 117 250-2-60-3-2-12-600 23.83 26.02 0.92 
46 200-2-60-5-2-6-600 17.10 17.99 0.95 118 250-2-60-5-2-12-600 23.61 26.02 0.91 
47 200-2-75-3-2-6-600 16.74 17.99 0.93 119 250-2-75-3-2-12-600 23.35 26.02 0.90 
48 200-2-75-5-2-6-600 16.70 17.99 0.93 120 250-2-75-5-2-12-600 23.11 26.02 0.89 
49 200-2-60-3-1-8-600 17.16 17.99 0.95 121 250-3-60-3-1-6-600 44.29 45.46 0.97 
50 200-2-60-5-1-8-600 16.98 17.99 0.94 122 250-3-60-5-1-6-600 44.08 45.46 0.97 





52 200-2-75-5-1-8-600 16.53 17.99 0.92 124 250-3-75-5-1-6-600 44.18 45.46 0.97 
53 200-2-60-3-2-8-600 17.12 17.99 0.95 125 250-3-60-3-2-6-600 44.06 45.46 0.97 
54 200-2-60-5-2-8-600 17.15 17.99 0.95 126 250-3-60-5-2-6-600 43.74 45.46 0.96 
55 200-2-75-3-2-8-600 16.74 17.99 0.93 127 250-3-75-3-2-6-600 43.89 45.46 0.97 
56 200-2-75-5-2-8-600 16.82 17.99 0.93 128 250-3-75-5-2-6-600 43.47 45.46 0.96 
57 200-3-60-3-1-6-600 28.55 28.84 0.99 129 250-3-60-3-1-8-600 44.05 45.46 0.97 
58 200-3-60-5-1-6-600 28.37 28.84 0.98 130 250-3-60-5-1-8-600 43.67 45.46 0.96 
59 200-3-75-3-1-6-600 28.61 28.84 0.99 131 250-3-75-3-1-8-600 43.89 45.46 0.97 
60 200-3-75-5-1-6-600 28.41 28.84 0.99 132 250-3-75-5-1-8-600 43.47 45.46 0.96 
61 200-3-60-3-2-6-600 28.22 28.84 0.98 133 250-3-60-3-2-8-600 43.50 45.46 0.96 
62 200-3-60-5-2-6-600 28.07 28.84 0.97 134 250-3-60-5-2-8-600 43.11 45.46 0.95 
63 200-3-75-3-2-6-600 28.50 28.84 0.99 135 250-3-75-3-2-8-600 43.22 45.46 0.95 
64 200-3-75-5-2-6-600 28.28 28.84 0.98 136 250-3-75-5-2-8-600 42.79 45.46 0.94 
65 200-3-60-3-1-8-600 28.15 28.84 0.98 137 250-3-60-3-1-12-600 42.94 45.46 0.94 
66 200-3-60-5-1-8-600 27.98 28.84 0.97 138 250-3-60-5-1-12-600 42.47 45.46 0.93 
67 200-3-75-3-1-8-600 28.24 28.84 0.98 139 250-3-75-3-1-12-600 42.59 45.46 0.94 
68 200-3-75-5-1-8-600 28.08 28.84 0.97 140 250-3-75-5-1-12-600 42.18 45.46 0.93 
69 200-3-60-3-2-8-600 27.85 28.84 0.97 141 250-3-60-3-2-12-600 42.14 45.46 0.93 
70 200-3-60-5-2-8-600 27.69 28.84 0.96 142 250-3-60-5-2-12-600 41.79 45.46 0.92 
71 200-3-75-3-2-8-600 28.13 28.84 0.98 143 250-3-75-3-2-12-600 41.97 45.46 0.92 
72 200-3-75-5-2-8-600 27.77 28.84 0.96 144 250-3-75-5-2-12-600 41.73 45.46 0.92 
Note: Mslots = bending capacity of slotted web channel, Msolid = bending capacity of solid web channel 331 
The variation of the reduction factors against the considered parameters is plotted in Fig. 20. It 332 
can be noted that the reduction factor is higher when the number of slot row groups, N =2 333 
compare to N=1. In the case of N=1, the slotted perforations are placed near the neutral axis 334 
while in the case of N=2, slotted perforations are moved towards the web-flange junction. 335 
Therefore, when N=2, the staggered slotted perforations are subjected to high compressive 336 
stress and thus lead to higher bending capacity reduction. Overall, from Fig. 20, it can be 337 
observed that when the total number of slot rows (n), slot length (Lsl), and slot width (Wsl) 338 
increases the staggered slotted perforated CFS beams led higher bending capacity reduction. 339 
This is due to removal of high web area when these parameters increases. Moreover, Fig. 20 340 
also illustrates the variation of the reduction factor against the yield strength. High reduction 341 
in the bending capacity is observed with the yield strength.  342 
5 Extended DSM based design method for slotted perforated beams 343 
5.1 General 344 
The DSM is a convenient method to design CFS members. It predicts the ultimate load carrying 345 
capacity of the CFS structural member based on its elastic and yield capacities. The advanced 346 
FE modelling techniques boost the DSM, as the elastic and yielding capacities can be easily 347 
determined from FE analysis. Therefore, the use of conventional effective width method 348 
available in standards design codes is decreasing, however, it is still being used for verification 349 





design of cold-formed structural members, NAS AISI S100 [25], and Australian and New 351 
Zealand standard for cold-formed steel structures, AS/NZ 4600 [26]. However this design 352 
method is still not included into the Eurocode (EN1993-1-3 [27]). Initially, DSM design was 353 
developed for CFS solid web beams and in addition, the latest version of the NAS AISI S100 354 
[25] and AS/NZ 4600 [26] carries the extended version for the DSM of CFS beams with 355 
openings subject to local and distortional buckling. Since this paper focuses on the local 356 
buckling behaviour of slotted perforated CFS beams, following sections explains the available 357 
DSM provisions and the proposed extended version to accommodate the staggered slotted 358 
perforations. 359 
5.2 Direct strength method for solid web CFS beams 360 
As discussed in the previous section, the ultimate bending capacity of a CFS solid web channel 361 
subject to local buckling is determined from section F3.2.1 of NAS AISI S100 [25] and clause 362 
7.2.2.3.2 of AS/NZ 4600 [26]. The ultimate bending capacity for local buckling (Mbl) of the 363 
solid web CFS channels can be determined from Eqs. 1 and 2. 364 
For 𝑙  ≤ 0.776,              𝑀𝑏𝑙 = 𝑀𝑏𝑒                                                                                                (1) 365 










𝑀𝑏𝑒                                                         (2)                                                366 
Where 𝑙 = √𝑀𝑏𝑒 𝑀𝑜𝑙⁄   , 𝑙 is the non-dimensional slenderness to calculate Mbl, and  𝑀𝑏𝑒 is 367 
the nominal member moment capacity for lateral torsional buckling of the CFS section. This 368 
𝑀𝑏𝑒 is replaced with the yielding moment, 𝑀𝑦, which is the product of the elastic section 369 
modulus (Z) of the section and yield strength when the lateral-torsional buckling is prevented 370 
through lateral braces.  𝑀𝑜𝑙  is the elastic local buckling moment. 371 
In addition, both NAS AISI S100 [25] and AS/NZ 4600 [26] carries the modified version of 372 
Eq. 1, accounting the inelastic reserve capacity for the local buckling of CFS beams, which 373 
experience higher compressive strain. The inelastic reserve capacity is permitted when 𝑀𝑏𝑒 > 374 
𝑀𝑦 and 𝑙  ≤ 0.776. Therefore, the inelastic reserve capacity under the category of CFS 375 
sections symmetric about the axis of bending or sections with first yield in compression can be 376 
determined using Eq. 3.  377 
For 𝑙  ≤ 0.776,              𝑀𝑏𝑙 = 𝑀𝑦 + [1 −
1
𝐶𝑦𝑑
2 ] (𝑀𝑝 − 𝑀𝑦)                                                               (3)   378 
Where 𝑀𝑝 denotes the plastic moment, which is the product of plastic section modulus (S) and 379 





The ultimate bending capacity prediction of solid CFS beams subject to local buckling using 381 
current DSM equations is plotted in Fig. 21. It is noteworthy to mention that the plastic moment 382 
(𝑀𝑝), is required to plot the inelastic reserve in the DSM plot. Therefore, the solid CFS beams 383 
were analysed to calculate the elastic section modulus (Z) and plastic section modulus (S) of 384 
the solid CFS sections. From this, the shape factor (S/Z) was obtained which is equal to the 385 
𝑀𝑝 /𝑀𝑦 ratio. Table 4 contains the shape factor values and the mean shape factor value of 1.26. 386 
In concern to the conservative approach the minimum shape factor 1.21 was chosen over the 387 
mean value. Fig. 22 shows the FE capacity predictions for the solid CFS beams. These 388 
predictions show a satisfactory agreement with the DSM predictions. 389 
5.3 Direct strength method for CFS beams with holes. 390 
The DSM design provision for CFS beams with web holes is provided in Australian/New 391 
Zealand Standard AS/NZS 4600 [26] and North American Specification NAS AISI S100 [25], 392 
although the previous versions do not have provisions for web holes.  Clause F3.2.2 of NAS 393 
AISI S100 [25] and section 7.2.2.3.3 of AS/NZ 4600 [26] suggest that the ultimate flexural 394 
strength of CFS beams with web openings can be determined using the DSM equations for 395 
solid web CFS beams (Eq. 1 and 2). However,  𝑀𝑜𝑙  needs to be calculated with the influence 396 
of web holes and Mbl    Mynet. Here, Mynet is the yield moment of the net cross-section. This 397 
can be summarised as follows: 398 
For 𝑙  ≤ 0.776,              𝑀𝑏𝑙 = 𝑀𝑦𝑛𝑒𝑡                                                                                                (4) 399 










𝑀𝑏𝑒   ≤  𝑀𝑦𝑛𝑒𝑡                                                         (5)                                                400 
Here 𝑀𝑏𝑒 can be replaced with 𝑀𝑦 for laterally braced beams. The DSM curve for local 401 
buckling accounting web holes varies based on the 𝑀𝑦𝑛𝑒𝑡 /𝑀𝑦 ratio, which defines the size of 402 
the web holes with respect to the full web height. The DSM curve for local buckling 403 
considering the effect of web hole is plotted in Fig. 23 considering a typical value of 0.85 for 404 
𝑀𝑦𝑛𝑒𝑡 /𝑀𝑦 .  405 
5.4 New DSM based design equations for slotted perforated channels 406 
 As discussed in section 5.3, NAS AISI S100 [25] and AS/NZ 4600 [26] provide DSM based 407 
design predictions for CFS beams with web holes. However, DSM based design equations are 408 
no longer accurate and cannot account for the new generation of slot configurations. A series 409 





perforated CFS beams in comparison to conventional discrete holes. Therefore, the DSM needs 411 
to be modified to account the effect of staggered slotted perforations. This can be achieved 412 
through modifying the local buckling moment, 𝑀𝑜𝑙 , and yield moment, 𝑀𝑦 . However, this 413 
would make the DSM equations for local buckling more complex alike, the DSM equations for 414 
CFS beams with web holes to predict the distortional buckling capacity. Hence, a simple 415 
approach is to develop a reduction factor (𝑞𝑠 ) in terms of the influencing dimensional and 416 
mechanical parameters on the flexural capacity. These influencing parameters have been 417 
focused in the parametric study. Using this concept, the ultimate bending capacity of the 418 
staggered slotted CFS beams subject to local buckling (𝑀𝑠𝑙𝑜𝑡𝑠 ) can be determined through 419 
applying the reduction factor (𝑞𝑠 ) to its corresponding bending capacity of the solid CFS  420 
beams subject to local buckling (𝑀𝑠𝑜𝑙𝑖𝑑 ).  This can be written as follows: 421 
𝑀𝑠𝑙𝑜𝑡𝑠 = 𝑀𝑠𝑜𝑙𝑖𝑑 × 𝑞𝑠                                                               (6)   422 
The reduction factor, 𝑞𝑠 , was proposed based on the ultimate bending capacity results of 432 423 
FE models which were generated for the parametric study. It was aimed to develop this factor 424 
as a function of the influencing parameters considered in the parametric study. The influencing 425 
parameters are section depth (D), flange width (Bf), lip length (Bl), thickness (t), slot length 426 
(Lsl), slot width (Wsl), total number of slot rows (n), number of slot row groups (N) and yield 427 
strength (fy). The local buckling strength of the CFS beam is majorly governed by the 428 
slenderness of the web, flange, and lip segments. Therefore, the slenderness of each segments 429 
(𝐷 𝑡⁄ ), (𝐵𝑓 𝑡⁄ ), and (𝐵𝑙 𝑡⁄ ) were considered in the equation. The dimensional parameters of the 430 
staggered slotted perforations were considered as normalised ratios with respect to their 431 
limiting dimensions. The slot length (Lsl) and slot width (Wsl) were normalised with 100 mm 432 
and 9.5 mm, respectively while the number of slot row groups (N) is normalised with the total 433 
number of slot rows (n). Similarly, the yield strength (fy) was normalised with 250 MPa. The 434 
proposed equation for the reduction factor is as follows: 435 



































0.076     (7) 436 
The classic genetic algorithm and Generalised Reduced Gradient (GRG) solving method were 437 
used to develop and optimise the equation. During the optimisation, the objective function was 438 
set such that the mean for the qs(FE)/qs(proposed) ratios of 432 models equal to unity, while 439 
maintaining the COV value as minimal as possible. This optimisation mechanism resulted in 440 





optimisation resulted in a COV value of 0.019. This shows a high accuracy of the proposed 442 
reduction factor equation. An illustration of the accuracy of the proposed reduction factor is 443 
provided in Fig. 24 for the yield strengths of 300, 500, and 600 MPa separately. 444 
Therefore, the proposed reduction factor ( 𝑞𝑠 ) can be adopted into the DSM equations for solid 445 
CFS beams subject to local buckling to convert them as accounting for the staggered slotted 446 
perforations. Eqs. 8 and 9 present the new DSM based design equations to predict the ultimate 447 
bending capacity of the staggered slotted perforated CFS beams subject to local buckling.  448 
For   𝑙  ≤ 0.776,               𝑀𝑏𝑙,𝑠𝑙𝑜𝑡𝑠 =  {𝑀𝑦 + [1 −
1
𝐶𝑦𝑑
2 ] (𝑀𝑝 − 𝑀𝑦)} 𝑞𝑠                                               (8)                                                            449 
 450 










𝑀𝑦}  𝑞𝑠                                          (9)       451 
Here 𝑞𝑠  is substituted from Eq. 7.  452 
The ultimate bending capacity predictions for the staggered slotted perforated CFS beams for 453 
the 432 FE models are plotted with DSM curve for local buckling in Fig. 25. It illustrates that 454 
DSM equation curves give the lower bounds of the predicted results for the staggered slotted 455 
perforated CFS beams. Therfeore, the proposed new DSM based equations can be employed 456 
for resasonable and conservative predictions for the new generations of slotted perforated CFS 457 
beams subject to local buckling. 458 
6 Conclusions 459 
The new generation CFS beam with staggered slotted perforations is becoming popular due to 460 
the amplified thermal performance. However, these web perforations affect the bending 461 
capacity. Therefore, the bending capacity of the CFS beams with staggered slotted perforations 462 
subject to local buckling were analysed by FE models in ANSYS. FE models were developed 463 
and validated against experimental results in terms of failure modes and moment capacities. 464 
The validated FE models were used to conduct a comprehensive parametric study of 432 FE 465 
models varying the dimensional and mechanical parameters of the slotted perforated CFS 466 
beams. It was found that the influence of staggered slotted perforations on local buckling 467 
strength of the CFS beams is relatively small, with a maximum reduction value of 11 %. 468 
Furthermore, the ultimate bending capacity results obtained from FE parametric analyses were 469 
used to develop new DSM based design equations for CFS beams with staggered slotted 470 





agreement with the FE results. Therefore, the proposed equations will enhance the commercial 472 
aspects of the new generation of staggered slotted CFS beams. 473 
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Fig. 6.  Load-vertical displacement behaviour for the Specimen C20015-M from test [11] and 



















































































Section depth (D), mm 
(150, 200, 250) 
Slot length (Lsl), mm 
(60, 75) 
Number of slot row groups (N) 
(1, 2) 
(60, 75) 
Yield strength (fy), MPa 
(300, 500, 600) 
Thickness (t), mm 
(1, 2, 3) 
Slot width (Wsl), mm 
(3, 5) 
Number of slot rows (Wsl), mm 




















Fig. 10. FE models of 2600 mm long beam with staggered slotted perforations only in the 

















































Fig. 15. Load-deflection plot of slotted channel 150-2-75-3-2-6-300 and solid channel 150-2-




















Fig. 16. Load-deflection plot of slotted channel 200-2-75-3-2-8-500 and solid channel 200-2-



































Fig. 17. Von misses stress failure pattern for 150 mm section depth solid and slotted 


















(b) Staggered slotted perforated channels 
Fig. 18. Von misses stress failure pattern for 250 mm section depth solid and slotted 






















































(b) 250 mm section depth CFS channels 
Fig. 19.  Deformation failure pattern of 150 and 250 mm section depth CFS channels with 




















































































































































































DSM for local buckling with web holes
For Mynet/My = 0.85 














(c) fy = 600 MPa 
 



























































































Fig. 25. Bending capacity predictions for slotted perforated beams with proposed qs along 























Slotted CFS beam with proposed qs
FE solid CFS beams
